The authors investigated deep levels in the whole energy range of bandgap of 4H-SiC, which are generated by low-dose N + , P + , and Al + implantation, by deep level transient spectroscopy ͑DLTS͒. Ne + -implanted samples have been also prepared to investigate the pure implantation damage. In the n-type as-grown material, the Z 1/2 ͑E C − 0.63 eV͒ and EH 6/7 ͑E C − 1.6 eV͒ centers are dominant deep levels. At least, seven peaks ͑IN1, IN3-IN6, IN8, and IN9͒ have emerged by implantation and annealing at 1000°C in the DLTS spectra from all n-type samples, irrespective of the implanted species. After high-temperature annealing at 1700°C, however, most DLTS peaks disappeared, and two peaks, IN3 and IN9, which may be assigned to Z 1/2 and EH 6/7 , respectively, survive with a high concentration over the implanted atom concentration. In the p-type as-grown material, the D ͑E V + 0.40 eV͒ and HK4 ͑E V + 1.4 eV͒ centers are dominant. Two peaks ͑IP1 and IP3͒ have emerged by implantation and annealing at 1000°C, and four traps IP2 ͑E V + 0.39 eV͒, IP4 ͑E V + 0.72 eV͒, IP7 ͑E V + 1.3 eV͒, and IP8 ͑E V + 1.4 eV͒ are dominant after annealing at 1700°C in all p-type samples. The IP2 and IP8 may be assigned to the HS1 and HK4 centers, respectively. The depth analyses have revealed that the major deep levels are generated in the much deeper region than the implant profile.
I. INTRODUCTION
SiC is an attractive material for realizing high-power, high-temperature, and high-frequency devices. Deep levels in semiconductors have several harmful effects such as carrier trapping, an increase in leakage current, and a reduction in the minority carrier lifetime. For example, to realize SiC bipolar devices for high-voltage power switches, control of the carrier lifetime is an important issue which determines the on-state resistance as well as the switching speed. Therefore, deep levels should be reduced and then be controlled to fabricate high-performance SiC devices. Through fundamental studies on SiC growth and characterization in the past decade, deep levels in as-grown 4H-SiC, both n-and p-type materials, have been mostly elucidated, [1] [2] [3] [4] [5] [6] although the microscopic structures of almost all the deep levels are still an open question.
For fabrication of any kinds of SiC devices, ion implantation is an essential process because of the low diffusion coefficients of dopants. 7 In spite of the fact that various complicated point defects are generated by ion implantation, studies on deep levels in ion-implanted SiC have been very limited, leading to the lack of fundamental understanding of physical properties of implanted SiC and thereby SiC device performance. Although a few groups reported deep level transient spectroscopy ͑DLTS͒ measurements on H + / He + / Ti + / V + -implanted n-type SiC, 1, 8, 9 H + -implanted p-type SiC, 10 N + / P + -implanted n-type SiC, [11] [12] [13] or Al + / B + -implanted p-type SiC, 11, 14 only deep levels energetically located in the upper half or lower half of bandgap, respectively, were detected in those studies. Troffer 15, 16 In the case of n-type doping, nitrogen and phosphorus are commonly employed as a dopant for deep-range implantation and for low sheet resistance, 17 respectively. On the other hand, aluminum is commonly used as a dopant for p-type doping. 14, 18 In this paper, the authors present deep levels in the whole energy range of bandgap detected by DLTS, which are generated by low-dose N + , P + , and Al + implantation into 4H-SiC.
II. EXPERIMENTS
The starting materials were N-doped n-type or Al-doped p-type 4H-SiC epilayers grown on 8°off-axis 4H-SiC ͑0001͒. The thickness and doping concentration of epilayers were 10-15 m and ͑7-8͒ ϫ 10 15 cm −3 , respectively. Multiple N + , P + , and Al + implantation was performed into separate samples at room temperature to form a 0.7-0.8-m-deep box profile. The implantation energies and doses for each multiple implantation are summarized in Tables I-IV. Figure 1 shows the depth profile of implanted N atoms simulated by a TRIM code. 19 The total implant dose was 5.6ϫ 10 10 cm −2 . In this case, the concentration of implanted impurities ͑about 7 ϫ 10 14 cm −3 ͒ is lower than the original doping level of epilayers. Although this implant dose is unusually low for device fabrication, the implanted region can simulate the "implant-tail" region. When the pn junction is formed by ion implantation, deep levels located in the implant-tail region, where the depletion region is formed under the reverse bias, have significant effects on the leakage current. Since the samples keep the original conduction type ͑n-or p-type͒ under this implantation condition, deep levels a͒ Electronic mail: kawahara@semicon.kuee.kyoto-u.ac.jp. b͒ Also at Photonics and Electronics Science and Engineering Center ͑PE-SEC͒, Kyoto University. located in the upper half of the bandgap can be monitored by using n-type epilayers, irrespective of the implant species, and in the same way, deep levels in the lower half of the bandgap by using p-type materials. Ne + -implanted samples with the same implant dose were also prepared to investigate the pure implantation damage. Postimplantation annealing was carried out at 1000°C for 2 min or 1700°C for 30 min in Ar ambient. In the high-temperature annealing at 1700°C, a carbon cap was employed to suppress the surface roughening. 20 In DLTS measurements, Ni and Ti were employed as Schottky contacts with a thickness of approximately 80 nm on n-and p-type samples, respectively. The typical diameter of Schottky contacts was 1 mm. A Ti/ Al/ Ni ͑20 nm/ 140 nm/ 50 nm͒ layer annealed at 1000°C for 2 min was employed as back side Ohmic contacts for p-type materials in order to obtain reliable capacitance values in C-V and DLTS measurements. The reverse bias was adjusted so that deep levels in the box-profile region can be monitored. The filling pulse was applied for 10 or 100 ms to n-and p-type materials, respectively, and the period width for transient measurements was 200 ms. The depth profiles of deep level concentrations were also measured by changing the bias voltage in DLTS measurements. To measure the trap concentration far below from the surface, samples are etched down to a depth of about 0.7 m by reactive ion etching ͑RIE͒.
III. RESULTS AND DISCUSSION

A. Deep levels detected in n-type materials
In the DLTS spectra of nonimplanted n-type 4H-SiC ͑both as-grown and annealed at 1700°C͒, the Z 1/2 ͑E C − 0.63 eV͒ 1 and EH 6/7 ͑E C − 1.6 eV͒ 2 centers were dominant. The trap concentration was about 2 ϫ 10 13 cm −3 . In DLTS measurements on implanted samples, the region ͑depth͒ monitored by DLTS should be taken into account because generation of a high density traps may result in the formation of highly resistive compensated region. Figure 2 shows the depth profile of the net donor concentration calculated from C-V measurements on Al + -or N + -implanted samples. In the Al + / N + -implanted samples annealed at 1000°C ͑Al-1000/N-1000͒, a high-resistance region is formed near the surface ranged to the depth of about 0.75 m / 0.50 m, which is derived from the fitting of C-V curve. Therefore, the region monitored by DLTS measurements on ion-implanted samples annealed at 1000°C must be deeper than the high-resistance region ͑a depth of 0.75 m / 0.50 m for Al + / N + -implanted samples͒. On the other hand, the main box-profile region can be monitored by DLTS on the samples annealed at 1700°C due to the absence of the compensated region. Figure 3 represents the DLTS spectra obtained from Al + -implanted, N + -implanted, or Ne + -implanted samples annealed at 1000 or 1700°C. Here, signal b 1 is the coefficient of the first sine term in the Fourier series of deep level transient Fourier spectroscopy. 21 In the DLTS spectra from the From the Arrhenius plots of emission time constants assuming a temperature-independent capture cross section, the energy levels and the capture cross sections of the observed traps were determined, which are summarized in Table V . In addition, the trap concentration in Al + -implanted samples annealed at 1000°C / 1700°C is also shown in the same table. The trap concentration obtained for the sample annealed at 1000°C may suffer from a large error because the trap concentration is close to the doping level. The trap concentration in the sample annealed at 1000°C may be even higher in the surface region, leading to the formation of the compensated region, as discussed on p. 4. The heights of the IN3 and IN9 peaks in the N + -implanted sample are much higher than those in the Al + / Ne + -implanted samples. This may originate from the difference in the detected region. As discussed on p. 4, the high-resistance region in the N + -implanted sample is thinner than that in the Al + / Ne + -implanted samples. Therefore, the region monitored by DLTS on the N + -implanted sample will contain the boxprofile region where many collisions occurred during ion implantation. The dominant levels after 1700°C annealing, IN3 and IN9 traps, may be assigned to the well known Z 1/2 and EH 6/7 centers, respectively, based on their energy levels and thermal stability.
In the N + -implanted sample, although the DLTS spectrum after implantation and annealing at 1000°C looks different from that for the Al + -implanted sample, the authors speculate that there are also seven ͑or eight͒ traps because two peaks around 440 and 630 K are too broad to be assigned to a single level. Figure 4 shows the fitting results for DLTS spectra presented in Fig. 3 . In the fitting, eight traps Label ͑IN1, IN3-IN6, and IN8-IN10͒ with the fixed energy levels and capture cross sections were assumed, and the trap concentrations were varied, which means that the temperature position of each peak was fixed and the height of each peak was changed to fit each DLTS spectrum. As shown in Fig. 4 , the broad DLTS peaks at 440 and 630 K seem to consist of major peaks: IN5 and IN6 and IN8-IN10, respectively. In the fitting process, an additional DLTS peak ͑IN10͒ was introduced in between IN8 and IN9 to reproduce the observed DLTS spectra. However, the accurate energy level and capture cross section of this trap are not clear due to the severe overlapping of the peaks. In addition, other additional peaks may exist because the fitted spectra deviate in the "valleys" of DLTS spectra, which are also difficult to be separated due to the severe overlapping. After annealing at 1700°C, again the Z 1/2 and EH 6/7 peaks dominate, as in the case of Al + -implantation. Similar results were also obtained for P + -implanted ͑not shown͒ and Ne + -implanted samples. Thus, the Z 1/2 and EH 6/7 centers, which are regarded as intrinsic defects related to the carbon displacement, 3, 4, 22 2 which are considered to be also intrinsic defects. Deep levels, which contain particular implanted impurities, may be generated when the implant dose is much higher.
The trap concentrations in the implanted samples were very high: the Z 1/2 and EH 6/7 concentrations were 2 ϫ 10 15 and 8 ϫ 10 14 cm −3 , respectively, in the Al + -implanted sample after annealing at 1700°C, which is about two orders of magnitude higher than those in the nonimplanted sample.
B. Deep levels detected in p-type materials
In the DLTS spectra of a nonimplanted p-type 4H-SiC ͑both as-grown and annealed at 1700°C͒, the D ͑E V + 0.40 eV͒ 5, 15 and HK4 ͑E V + 1.4 eV͒ 6 centers were dominant. The trap concentration was in the 10 12 cm −3 range. Figure 5 shows the depth profile of the net acceptor concentration for Al + -or N + -implanted samples calculated from C-V measurements. In the Al + / N + -implanted p-type samples annealed at 1000°C, a high-resistance region also exists near the surface to a depth of about 1.3 m / 1.0 m and disappeared after 1700°C annealing. Figure 6 represents the DLTS spectra obtained from Al + -implanted, N + -implanted, or Ne + -implanted samples annealed at 1000 or 1700°C. Table VI summarizes the energy levels and capture cross section of deep levels observed in the implanted p-type 4H-SiC. In the DLTS spectra from these samples, two peaks, labeled IP1 ͑E V + 0.35 eV͒ and IP3 ͑E V + 0.70 eV͒, emerged by implantation and annealing at 1000°C. After hightemperature annealing at 1700°C, four traps, labeled IP2 ͑E V + 0.39 eV͒, IP4 ͑E V + 0.72 eV͒, IP7 ͑E V + 1.3 eV͒, and IP8 ͑E V + 1.4 eV͒, are generated and are stable in the p-type materials except for IP4 in the N + -implanted sample. The generation of the IP4 center may strongly depend on the mass of the implant species ͑N atom: the lightest in this study͒. On the other hand, IP1 and IP3 were almost annealed out by the thermal treatment at 1700°C. All the traps observed in the p-type 4H-SiC ͑IP1-IP4 and IP6-IP8͒ may be also attributed to intrinsic defects because these traps were detected even in the Ne + -implanted sample. Although the IP6 center looks nitrogen-specific trap, the authors speculate that the trap may be also an intrinsic defect and may exist with a low concentration in Ne + -implanted sample because the IP6 was observed in high-dose Al + -implanted sample ͑not shown͒. The reason why the IP6 center was observed with such a high concentration in the N + -implanted sample annealed at 1000°C may be the same as that in n-type samples: the thickness of the high-resistance region is different, leading to the different regions monitored by DLTS. The dominant levels after annealing at 1700°C, IP2 and IP8, may be assigned to the HS1 3,23 and HK4, 6 respectively, from the energy level and generation behaviors. The HS1 center is a thermally stable defect detected in electron-/protonirradiated 4H-SiC reported by Storasta et al. They suggested that the HS1 center is correlated to the D I defect, which show the peculiar peaks in photoluminescence. 24 Other levels, IP1 and IP4, may correspond to UK1 6 and HK0, 6 respectively, from the same reasons. The UK1 and HK0 centers were detected in the p-type 4H-SiC irradiated at energy over 160 keV and in samples treated with RIE, respectively.
It should be also noted that the concentration of generated traps is 10 13 -10 14 cm −3 for the IP2, IP4, IP7, and IP8 centers, which is about one order of magnitude higher than that of the nonimplanted sample but is remarkably lower than that for defect centers observed in the implanted n-type materials. Figure 7 shows the depth profiles of Z 1/2 ͑IN3͒ concentration for Al + -, N + -, and P + -implanted n-type 4H-SiC after 1700°C annealing for 30 min. The Z 1/2 concentration to a depth of 1.4 m from the surface was measured by changing the bias voltage in DLTS measurements, and the concentration in the depth from about 1.0 to 2.3 m was measured by the same way after removing 0.7 m using RIE. The trap concentration in a nonimplanted sample is also plotted by the cross symbols. Although the implantation depth is about 0.8 m, as indicated by a broken line in Fig. 7 , the Z 1/2 center was generated in a much deeper region than the implanted box profile. The real implant profile may be deeper than the TRIM simulation profile due to channeling effects, 25, 26 although secondary ion mass spectroscopy ͑SIMS͒ analyses of implanted species are difficult due to the very low concentration ͑ Ͻ 7 ϫ 10 14 cm −3 ͒. The Z 1/2 concentration near the surface for ion-implanted samples is about 100 times higher than that for the nonimplanted sample. It should be also noted that the trap concentration is several times higher than the implanted atom concentration ͑about 7 ϫ 10 14 cm −3 ͒. This result also indicates that the Z in the implanted region. Although the implanted-ion dependence of the Z 1/2 concentration was rather small in this study, the N + -implanted sample exhibited a slightly lower Z 1/2 concentration compared to P + -and Al + -implanted samples. This may originate from the smaller mass of N atoms and thereby smaller implantation damage. The Z 1/2 concentration gradually decreases with the depth, and it reaches a value of the nonimplanted sample at a depth of 1.7-1.8 m. Figure 8 shows the depth profile of HS1 ͑IP2͒ concentration which was obtained in the Al + -, N + -, and P + -implanted p-type 4H-SiC after annealing at 1700°C. Note that the HS1 concentration in a nonimplanted sample was below a mid-10 12 cm −3 . The HS1 concentration is much lower than the implanted atom concentration as well as the Z 1/2 concentration observed in the n-type materials ͑Fig. 7͒. The HS1 concentration also showed very small dependence on the implanted ion species. The depth profile of the HS1 concentration is relatively flat and shows a gentle decrease toward the bulk region. In the next step, deep levels in highdose implanted samples should be investigated.
C. Depth profile of major deep levels
IV. SUMMARY
In summary, an overview of deep levels detected in this study is shown in Fig. 9 , where the dominant and stable deep levels in the whole energy range of bandgap for the 4H-SiC implanted with common dopant impurities are identified. When the implant dose is low ͑5.6ϫ 10 10 cm −2 ͒, the dominant deep levels are the Z 1/2 ͑IN3: E C − 0.63 eV͒ and EH 6/7 ͑IN9: E C − 1.6 eV͒ in the upper half of the bandgap, and HS1 ͑IP2: E V + 0.39 eV͒ and HK4 ͑IP8: E V + 1.4 eV͒ in the lower half of bandgap irrespective of the implant species. The Z 1/2 and HS1 centers were generated not only in the implanted region but also in a much deeper region than the implant profile. In particular, the concentrations of the Z 1/2 and EH 6/7 centers show significant increase ͑about 100 times higher than that measured in nonimplanted sample͒ near the surface by ion implantation even after annealing at 1700°C. 
